Arabidopsis genome encodes 9 SOS3-like Calcium Binding Proteins (SCaBP, also named Calcineurin B-Like Protein {CBL}) and 24 SOS2-like Protein Kinases (PKS, alos named as CBL-Interacting Protein Kinase {CIPK}). A general regulatory mechanism between these two families is that SCaBP calcium sensors activate PKS kinases through interacting with their FISL motif. In this study, we demonstrated that phosphorylation of SCaBPs by their functional interacting PKSes is another common regulatory mechanism. www.plantphysiol.org on July 15, 2017 -Published by Downloaded from
Introduction
Calcium is a uniform second messenger involved in many plant responses to environmental stimuli. There are many different types of calcium binding proteins identified in plants (Luan et al., 2002; Harper et al., 2004) . One of them shares significant sequence similarity with yeast calcineurine B subunit (Luan et al., 2002; Gong et al., 2004) . The first gene cloned from this family is SOS3 (Salt Overly Sensitive3) by genetic screening of Arabidopsis salt sensitive mutants and map-based cloning (Liu and Zhu, 1998) . SOS3 physically interacts with and activates SOS2 (Salt Overly Sensitive2), a protein kinase (Halfter et al., 2000) , and this complex in turn activates SOS1 (Salt Overly Sensitive1), a plasma membrane Na + /H + antiporter (Shi et al., 2000; Qiu et al., 2002) .
SOS3 interacts with the FISL motif of SOS2 at its C-terminal regulatory domain, a SOS2
kinase-inhibiting domain (Guo et al., 2001) . Recently a SOS3 homologous, SCaBP8
(SOS3 like calcium binding protein8), is identified that interacts with and activates SOS2
to protect Arabidopsis shoots from salt stress, while SOS3 primarily protects roots (Quan et al., 2007) . SOS3 has a N-terminal myristoylation signal peptide and it is required for SOS3 function in plant salt tolerance (Ishitani et al., 2000) . SCaBP8 shares most of the biochemical features of SOS3 in regulating SOS2 kinase activity and recruiting SOS2 to plasma membrane, however it lacks such myristyolation signal sequence, suggesting that multiple regulatory processes exist in SCaBP family (Quan et al., 2007) . Although capable of performing similar functions in biochemical and cellular tests, SCaBP8 and SOS3 must fulfill distinct regulatory functions in the salt stress response, as they could not replace each other in genetic complementation experiments. SOS2 phosphorylates SCaBP8 at its C terminus serine 237 but does not phosphorylate SOS3. This phosphorylation is induced by salt stress, occurs at the plasma membrane, stabilizes the SCaBP8-SOS2 interaction, and enhances plasma membrane Na + /H + exchange activity (Lin et al., 2009 ).
In Arabidopsis, there are 9 SOS3 like calcium binding proteins (SCaBPs/CBLs), and 24 SOS2 like protein kinases (PKSes/CIPKs) (Luan et al., 2002; Gong et al., 2004) . The regulation of PKS kinase activity by SCaBP calcium sensors is essential for their function in vivo (Gong et al., 2002; Guo et al., 2004) . It is a general understanding that PKS kinase domain interacts with the C-terminal regulatory domain and this intramolecular interaction blocks the substrates accessing into the kinase domain (Guo et al., 2001; Gong et al., 2004) . Activation of PKS kinases requires both the phosphorylation of their kinase activation loop by upstream kinase (Guo et al., 2001; Gong et al., 2002) and interaction with SCaBPs that releases the kinase domain for the target access (Gong et al., 2004) .
Similar as SOS regulatory process, other two pathways have been identified related to these two families. CBL1-and CBL9-CIPK23 complex phosphorylates and regulates AKT1 to protect plants from low potassium stress (Xu et al., 2006) . SCaBP1-action is required for PKS5 in order to phosphorylate and negatively regulate AHA2 to mediate the cytoplasmic pH homeostasis (Fuglsang et al., 2007; Yang et al., 2010) . In addition to regulate ion transporter activity, PKS kinases have been found to interact with protein phosphatases (Guo et al., 2002; Ohta et al., 2003; Lee et al., 2006) , however the regulatory mechanism is not well understood.
In this study, we have demonstrated that phosphorylation of SCaBP calcium sensors by their functional interaction PKS kinases enhances the complex stability.
Results

Phosphorylation of SCaBP calcium sensors by their interaction PKS protein kinases
Previously we showed that SCaBP8 is specifically phosphorylated by SOS2 under salt stress in Arabidopsis (Lin et al., 2009) . To determine if this phosphorylation regulation occurs in other functional interaction SCaBP-PKS pairs, in vitro kinase assays were performed between SCaBP1 and PKS5 (Fuglsang et al., 2007; Yang et al., 2010) , CBL1/SCaBP5 or CBL9/SCaBP7 and CIPK23/PKS17 (Xu et al., 2006) , and SCaBP1 and PKS24 (Akaboshi et al., 2008) . PKS24, CIPK23, CBL1 and CBL9 cDNA was fused to a GST gene. The GST fusion proteins were purified from E. coli and then subjected to a kinase assay. As a positive control, we first conformed that SOS2 phosphorylated SCaBP8 ( Figure 1A ). When we tested the other pairs, we found that both PKS5 and PKS24 phosphorylated SCaBP1 and CIPK23 phosphorylated both CBL1 and CBL9
( Figure 1B-1E ). Our results indicate that the phosphorylation of SCaBP proteins by their functional interaction PKS kinases may exist in plants.
Mapping of SCaBP1 phosphorylation site
To map the phosphorylation site(s) in SCaBP1 by PKS24, we incubated GST-PKS24 that was on the GST-beads and SCaBP1 in kinase buffer with cold ATP and digested the phosphorylation site-specific antibodies were generated by immunizing rabbits with the chemically synthesized phosphorylated peptide Cys-TFPpSFVFH-NH2 (phosphorylated form) for SCaBP1, CBL1 and CBL9. To select the phospho-specific antibodies, the serum was first incubated with the phosphopeptides that had been coupled to SulfoLink resin. After washing the column, the phospho-specific antibodies were eluted at pH 2.7
and immediately neutralized. The antibodies were then run over a column containing the unphosphorylated polypeptide to remove antibodies not specific for the phosphoserine.
The flow-through was collected and characterized (Lin et al., 2009 The proteins were then separated using SDS-PAGE and detected by immunoblotting. A strong signal was detected only when SCaBP proteins were incubated with both PKS kinases and ATP (Supplemental Figure 1A-1D ). In the absence of ATP or when the serine was changed to alanine, only a very weak signal appeared (Supplemental Figure 1A-1D ).
These results suggest that the antibodies specifically recognize the phosphorylated serine in PFPF motif of SCaBP calcium sensors and the mutant SCaBP proteins were no longer phosphorylated by the PKS kinases. Consistent with our previous finding, SOS2 phosphorylated SCaBP8 at serine 237 (Supplemental Figure 1E , Lin et al., 2009 ).
SOS2 phosphorylated SCaBP8 serine 237 under salt stress ( Figure 4A ), which is consistent with our previous finding (Lin et al., 2009 
Phosphorylation of SCaBP1 by PKS5 is required for AHA2 regulation in yeast
Previously we demonstrated that PKS5 and SCaBP1 can inactivate PM H + -ATPase AHA2 in yeast and plant (Fuglsang et al., 2007; Yang et al., 2010) . In order to test the effect of the phosphorylation SCaBP1 S216 by PKS5 on the regulation of AHA2 activity,
we reconstituted SCaBP1-PKS5-AHA2 regulatory pathway in the yeast strain RS-72.
The detailed information for the reconstitution was described by Fuglsang et al (2007).
When we expressed AHA2 in RS-72, the function of the endogenous H + -pump was complemented and the yeast was able to grow on glucose medium (Figure 7 ). Consistent with our previous finding, when PKS5 and SCaBP1 were co-expressed with AHA2, the growth of the yeast was significantly inhibited compared to expression AHA2 alone.
However, when PKS5 and SCaBP1 S216D were co-expressed with AHA2, the inhibition of AHA2 activity was abolished compared with co-expression of PKS5 and SCaBP1
( Figure 7 ). PKS5 and SCaBP1 S216A had a similar effect on AHA2 as PKS5 and SCaBP1 S216D (Figure 7 ). These results demonstrate that residue S216 in SCaBP1 is essential for PKS5 mediated inactivation of AHA2 in the yeast system.
Discussion
Outside stimuli increase cytoplasmic calcium concentration and this in turn triggers plant responses. SCaBP family proteins are a group of calcium sensors that physically interact with and activate PKS kinases. It is likely that ion transporters are the preferential targets of the SCaBP-PKS complex (Quintero et al., 2002; Qiu et al., 2002; Gong et al., 2002; Xu et al., 2006; Fuglsang et al., 2007; Quan et al., 2007; Batelli et al., 2007) . In this study, we determined that phosphorylation of SCaBP proteins by PKS kinases is a common regulatory mechanism in Arabidopsis. The phosphoserine is located in the conserved PFPF motif at the C-terminus of SCaBP proteins and this phosphorylation enhances the interaction between PKS kinases and SCaBP calcium sensors.
Previous genetic studies suggested that SCaBP proteins functions upstream of PKS kinases (Halfter et al., 2000; Xu et al., 2006; Fuglsang et al., 2007; Quan et al., 2007) . The SOS pathway is described, as SOS3 and SCaBP8 perceives calcium signal evoked by salt stress, interacts with and activates SOS2, recruits SOS2 to plasmas membrane, and this protein complex further activates SOS1. It is believed that is general regulatory mechanism for other SCaBP-PKS pathways. Upon the perception of a calcium signal, SCaBP calcium sensors interact with and activate PKS kinases and that in turn triggers downstream responses (Halfter et al., 2000; Xu et al., 2006; Fuglsang et al., 2007) .
Phosphorylation modification is critical for protein precise function in vivo. Our finding of phosphorylation of SCaBP8 by SOS2 led to the discovery that the phosphorylation is important for SCaBP8 function in salt tolerance by stabilizing the plasma membrane localization of the SCaBP8-SOS2 complex (Lin et al., 2009) . In this study, we further determined that the phosphorylation of SCaBP proteins by PKS kinases exists in other functional interaction SCaBP-PKS pairs. These results provide important insights into the regulation of activities of the PKS protein kinases by SCaBP calcium sensors.
SCaBP calcium sensors interact with PKS protein kinases through the FISL motif that is conserved in all PKS proteins (Guo et al., 2001; Gong et al., 2004) . In this study, we found that the phosphorylation of SCaBP proteins by PKS kinases locates in the PFPF motif, a 23 amino-acid fragment, which is found in all SCaBP proteins and located at their C-terminus. It is known that various parts of SOS3 participate in its binding to SOS2 and no single motif was found to be sufficient for SOS2 binding (Ishitani et al., 2000) . pCAMBIA1307-6myc or pCAMBIA1307-3Flag binary vector, respectively. To produce PKS5, PKS24, SCaBP1, CBL1, CBL9 and the mutant GST fusion protein, the DNA fragments were excised from corresponding pCAMBIA1307-6myc or pCAMBIA1307-3Flag plasmid and subcloned into the BamHI-SalI sites in pGEX-6p-1 vector. CIPK23 was amplified using the 6myc-CIPK23 as templates and cloned into BamHI-NotI sites in the pGEX-6p-1 or pET-28a-c vector. All primers and plasmid constructs used in these studies are listed in supplemental Table 1 online.
Materials and Methods
Construction of Plasmids
Protein Purification and Kinase Assays
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All GST or His fusion constructs were transformed into Escherichia coli BL21 (DE3).
The transformed cells were grown at 37°C in Luria-Bertani (LB) medium with ampicillin (100µg/ml) or kanamycin (100µg/ml) until the OD 600 reached 1.0. Recombinant protein expression was induced by 1.0 mM isopropyl-β -D-thiogalactopyranoside for12 hr at 20°C. The recombinant proteins were affinity-purified according to the manufacturer's protocol, and analyzed by SDS-PAGE.
The kinase assays were performed as described as previously (Lin et al., 2009) 
Preparation of anti-phosphoserine SCaBP polyclonal antibodies
Anti-phosphoserine 216 (SCaBP1) polyclonal antibodies were made by AbMart (www.ab-mart.com.cn). Two 8-amino acid peptides (corresponding to amino acids 213-220 of SCaBP1 and 198-205 of CBL1/9) with N-terminal cysteines, Cys-TFPpSFVFH-NH2 (phosphorylated form) and Cys-TFPSFVFH-NH2
(non-phosphorylated form), were also synthesized by AbMart. The serine phosphospecific peptide (Cys-TFPpSFVFH-NH2) was used to produce polyclonal phosphospecific antibodies and the non-phosphorylated peptide (Cys-TFPSFVFH-NH2) was used for screening and purification.
Co-immunoprecipitation assays and SCaBP proteins phosphorylation in planta
Transgenic plant seedlings expressing 35S:6myc-SCaBP8 and 35S:6myc-SCaBP8 For co-immunoprecipitation assays, the protoplasts were incubated for 12h after transformed, and lysed, sonicated and centrifuged. Ten µL of anti-myc or anti-Flag conjugated agarose (Sigma) was incubated with the extract supernatant overnight at 4°C.
The co-immunoprepcipitation products were detected via immunoblot analysis using anti-myc or anti-flag antibodies.
Yeast two-hybrid assays
PKS5, PKS24 and CIPK23 were amplified using the myc-tag plasmids as templates and
S201A and CBL9 S201D were amplified using the flag-tag plasmids as templates and cloned into the pGADT7 vector. All primers were used for these constructs are listed in Supplemental Table 1 online.
Yeast strain AH109 was used in the yeast two-hybrid assay. Yeast transformation, growth assays and β -galactosidase activity assays were performed as described in the Yeast Protocols Handbook (Clontech).
Yeast complementation Assays
SCaBP1
S216A and SCaBP1 S216D were amplified and cloned into NotI sites in the pMP1645 vector using the primer pairs SCaBP1 NotIF and SCaBP1 NotIR (see Supplemental Table   1 ). PKS5 and AHA2 were co-transformed with SCaBP1, SCaBP1 S216A or SCaBP1 S216D , respectively, into Saccharomyces cerevisiae strain RS-72 (Mat a; ade1-100 his4-519 leu2-3,312 pPMA1::pGAL1) for complementation tests. Growth of the transformed yeast on solid and liquid medium was performed as described previously (Fuglsang et al., 2007) . 
